Abstract-
I. INTRODUCTION
The Primary Standards Laboratory at Sandia National Laboratories (SNL) seeks to improve upon the measurement uncertainty for non-direct current (DC) high-voltage (HV) measurements. The challenge is to develop an alternate HV measurement method for voltages > 10 kV with lower measurement uncertainty. At present, measurements utilize the NIST-N1 resistive voltage divider reference developed at the National Institute of Standards and Technology (NIST) [1] . The NIST-N1 is the primary reference standard used for performing calibrations on transfer standards, which act as calibration standards for all other voltage dividers. For pulsed voltage measurements, the NIST-N1 supplies the largest error to the overall measurement uncertainty: 0.5% (for a 95% confidence interval). Furthermore, the NIST-N1 is the only existing measurement artifact available for HV pulsed measurements. Thus, developing a system for directly measuring voltage would eliminate the reliance on the NIST-N1 divider and potentially improve measurement uncertainty.
Optical and acoustic waves are two sensing mechanisms for materials whose geometry deforms under an applied voltage. Free space optical systems using nonlinear optical materials were developed as HV sensors [2] [3] [4] . Several fiber optic HV sensor configurations have been developed to reduce alignment complexity associated with free space optical systems [5, 6] . However, performance of fiber-optic-based sensors is hindered by temperature effects and path length mismatch [7] .
Two primary acoustic wave sensor configurations are the Surface Acoustic Wave (SAW) and Bulk Acoustic Wave (BAW). SAW sensors are used as voltage sensors by detecting fractional changes in oscillation frequency with varying applied voltage. Electrode positioning on the piezoelectric substrate determines the direction of applied voltage [8, 9] . Despite the high sensitivity achieved using SAW sensors, they possess a relatively thin substrate thickness (< 1 mm), which becomes the limiting factor for performing voltage measurements greater than 100 kV, as the crystal becomes conductive above breakdown voltage.
The use of thicker piezoelectric crystals as a BAW highvoltage sensor for measuring DC signals up to 1100 V was discussed in recent literature [10] . Here, the BAW sensor's capabilities are extended to measure DC, alternating current (AC), and pulsed voltage signals. Unlike SAW sensors, The BAW sensor used in this study tracks changes in acoustic propagation time as a function of voltage. Furthermore, results from two different lithium niobate (LiNbO 3 ) crystal orientations are compared for determining how acoustic mode propagation impacts sensor performance.
II. EXPERIMENTAL SETUP
The BAW HV sensor operates by monitoring a propagating acoustic wave before, during, and after a voltage signal is applied directly to the crystal. The Y+36° and 0° X-cut crystals each have dimensions 15 mm u 5 mm u 5 mm. The crystal cuts were verified using acoustic velocity measurements.
The measured acoustic velocities were validated by solving Christoffel's equation [11] . The measured acoustic velocity signal corresponded to an acoustic wave propagation velocity, v a , of 7328 m/s ± 37 m/s for the Y+36° LiNbO 3 and 6700 m/s ± 200 m/s for the 0° X LiNbO 3 . Both crystals were wrapped with ~50 Pm-thick copper across the 15-mm crystal length to excite the longitudinal wave. Consequently, shear waves were also excited in the 5 mm Ydirection Two transducers were placed on either side of the crystal to transmit and receive the acoustic wave. Both transducers operated at 10 MHz with a 5 MHz bandwidth at -6 dB and had a 3 mm element diameter. The transducers were controlled using a pulser/receiver unit (Olympus 5073PR). The pulser/receiver unit was synchronized to a time interval counter (Stanford Research Systems SRS 620) through a 10 MHz reference signal. The pulser/receiver unit was used to transmit and receive the acoustic wave and a 300 MHz oscilloscope (Tektronix TDS3032B) outputted the receiving transducer's signal. AC, DC, and pulsed voltages were applied to the crystal in order to characterize how the voltage type changes the acoustic delay time. The DC and AC voltage outputted from the same source (a Fluke 5700EP multicalibrator) produced DC voltages up to 1100 V and AC voltages up to 640 V at 100 kHz. For pulse measurements, a pulse generator (Berkeley Nucleonics 6040 using a Model 310H module) produced pulsed voltages up to 800 V in 5 μs pulse widths. A 50 : 100 W rated noninductive resistor (Vishay Dale NH-100) was placed in parallel with the sensing element so that the total load impedance closely matched the Model 310H 50 : output impedance.
The experimental setup is shown in Figure 1 . A 1 V, 1 kHz pulse (Hewlett Packard 33250A) triggered the pulser/receiver unit. The crystal was mounted in a fixture and the transducers were aligned until the receiving pulse signal amplitude was maximized. Two 0.5 mm pieces of glass were added to both ends of the crystal to add electrical isolation between the transducer casing and copper strip. Glycerin couplant was used to reduce the acoustic impedance mismatch between the transducer element, glass, and LiNbO 3 crystal. For AC and DC measurements, a time interval of zero applied voltage was recorded before and after the applied voltage durations. For pulsed measurements, 5 μs voltage pulses were applied to the crystal. A time interval counter measured the acoustic delay time between the transmitting and receiving transducer before, during, and after an applied voltage to the crystal. 2 shows AC, DC, and pulsed voltage results for the two crystal cuts. DC measurements were performed from 256 -1100 V in steps of 128 V and AC measurements at 640 V over the frequency range of 100 Hz-100 kHz. From Fig. 2(a) , the Y+36° LiNbO 3 crystal response ranged from 10-54 ps over the DC voltage range and 35-778 ps for AC voltage application. The standard deviation ranged from 2-4 ps for DC measurements and 4-16 ps for AC measurements. Fig. 2(b) shows the results of the 0° X-cut LiNbO 3 , which had a response of 10-273 ps for DC voltages and 189-813 ps for AC voltage. For the X-cut LiNbO 3 , the standard deviation ranged from 6-91 ps for DC measurements and 12-25 ps for AC measurements. The range for both measurements stems from five separate measurements being performed at each voltage.
For pulsed voltages, the voltage was applied at 100, 255, 300, 385, 640, and 800 V, all at a pulse width of 5 Ps. In this case, the 0° X-cut LiNbO 3 crystal response varied from 0.250-2 ns with a measured standard deviation ranging from 36-53 ps. The Y+36° LiNbO 3 crystal response was 0.115-1.6 ns with a measured standard deviation of 9-70 ps. The time interval counter's single event accuracy was 25 ps.
III. DISCUSSION
In comparing the AC voltage response to the DC voltage response, one can suggest that the time shift due to the acoustic delay was influenced by the AC voltage's frequency component. Since applying DC voltage to a piezoelectric crystal results in a static deformation, the crystal does not have continuously changing strain as it would in the AC or pulsed voltage cases. Furthermore, this hypothesis is consistent with the pulsed voltage case, where the crystal interacts with all frequencies greater than 200 kHz, including the crystal's frequency resonance for both crystal types. Using the measured acoustic velocity, the resonance frequency is 226.6 kHz for the X-cut crystal and 244.3 kHz for the Y+36° LiNbO 3 crystal. For pulsed measurements, a 32-fold increase in response over the DC voltage response at 640 V for the X-cut crystal and 39-fold increase for Y+36 LiNbO 3 was observed. One possibility for the large increase in response under pulse voltage is the contribution of several frequencies that are contained within the voltage pulse's bandwidth.
IV. CONCLUSION
Measuring HV amplitudes using DC, AC, and pulsed sources involves the source involved in the measurement and the source's impedance. Using two crystal cuts, the crystal response using voltages from DC, AC, and pulsed sources were compared and contrasted. From the three voltage types measured, the largest crystal response was observed when performing pulsed measurements.
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